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The Mu3e Experiment

» Search for LFV decay: gy — eee
» Single event sensitivity of
+~ ~10"° Phase |

-~ <10 Phase Il
» Stopped muon rate 10%/s (>10°/s)
10 (>100) tracks within 50ns

» Sensitive to New Physics:
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Discussed in Research Proposal:
— arXiv:1301.6113
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Pileup

Mu3e: reconstructed 4-hit tracks

CMS.~ll CMS Experiment at LHG, CERN

| Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt 70.0 GeV

JetD, pt: 205.1 GaV

-+ > -+ -
=16 cm ~2.5m
Readout in frames of 50 ns Collision every 25 ns
E ~ 10-50 MeV E ~200GeV
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History of LFV Decay experiments
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PSI Beam Facilities for Mude i)

Phase I: ~10® muons/s

PiE5: New Compact Muon Beam Line
André Schoning, Heidelberg-PI

Phase Il: >10° muons/s

HiMB: High Intensity Muon Beam Line
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Kinematic Resolution + Multiple Scattering

@ Muon decay:

— electrons in low momentum range
p <53 MeV/c

limited hit » Multiple scattering is dominant!
resolution regime

+~ Need thin, fast and high resolution
v tracking detectors operated at
high rate of ~ 10° particles/s

0, ~ % VXTX,

mutiple scattering
regime

André Schoning, Heidelberg-PI 6 2" ATLAS HVMAPS Workshop in Geneva July 2015



Silicon Pixel Detector

I.Peric, P. Fischer et al., NIM A 582 (2007) 876 (ZITI Mannheim, Uni Heidelberg)

transistor logic embedded in N-well
(“smart diode array”)

Technology Choice

High Voltage Monolithic Active Pixel Sensors (HV-MAPS)
@ high precision — pixels 80 x 80 pm?

e can be "thinned” down to ~35-50 pm (~ 0.0005 X))

@ l[ow production costs (standard HV-CMOS process, 60-80 V)

@ active sensors — hit finding + digitisation + readout

@ triggerless and fast readout (LVDS link integrated)

@ low power: — 250 mW/cm?
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Mu3e Baseline Design - Phase | /3@/

108 muons / sec
E, =28 MeV

i Beam Target “$
S
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Mu3e Baseline Design
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Very thin hollow target — low multiple scattering
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Mu3e Baseline Design

Inner pixel layers

b Pl
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Very thin silicon layers (50 um) — reduces multiple scattering

André Schoning, Heidelberg-PI 10 2" ATLAS HVMAPS Workshop in Geneva July 2015



Mu3e Baseline Design
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Inner pixel layers \
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Quter pixel layers

Good time resolution of <1ns — reduces accidentals
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Mu3e Baseline Design

Recurl pixel layers /\

il ™,
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Quter pixel layers

Helium atmosphere — improves momentum resolution of recurling tracks

André Schoning, Heidelberg-PI 12 2" ATLAS HVMAPS Workshop in Geneva July 2015



Mu3e Baseline Design

Recurl pixel layers /\
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Scintillator tiles

Inner pixel layers
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Scinfillating fibres

* 7

Quter pixel layers

Good time resolution of ~0.1ns — reduces accidentals
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Mu3e Baseline Design

Long cylinder! not to scale!

~110 cm

Recurl pixel layers
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Very compact design — not much space for services!
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Mu3e Design for Phase | /3@/

Long cylinder! not to scale!

~110 cm

Recurl pixel layers
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Homogenous magnetic field — allows fast online reconstruction

B =1 Tesla
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Momentum Resolution in MS Regime

» Standard spectrometer:

O O,

mw

P
P Q2

(linearised)

precision requires large lever arm:
— large bending angle Q

— also relevant for LHC
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Momentum Resolution in MS Regime

» “Half turn” spectrometer:
MS

e
-
-

+ best precision for half turn tracks
+ measure recurlers !
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Tracking Design Considerations

50 MeV/c 25 MeV/c

— compromise between precision and acceptance
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Phase IA:
rate £ 107 muons/s

Phase IB:
rate ~ 108 muons/s

Staged Approach /3@/

Juter plxel layers
Recurl pixel layers g ~
Scintillator tiles ) m—
————= pgeam ‘*’
= ,
L fibres |

Phase ll:
rate ~ 10° muons/s

André Schoning, Heidelberg-PI
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only central Pixel

* minimal setup
 add timing detectors if available

+ inner recurl detectors
+ time of flight system

(later upgrade)

+ outer recurl detectors
+ outer tiles
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Realistic Pixel Detector Design

detailed cooling simulations
and tests in lab
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Mu3e-Tracker Construction

Ultra-thin detector mock-up:
« sandwich of 25 ym Kapton®
* 50 ym glass (instead of Si) Sandwich design:

 HV-MAPS
— * Flex print %
« Kapton Frame

— XIX, ~ 0.1% per layer

50 um silicon wafer
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Mupix Generation

in-pixel 2nd-stage pixel size comparator serial internal state
CSA CSA (mu?) Gigabit link machine
Mupix4 X 92 x 80 standard
Mupix6 X X 103 x 80 new
Mupix7 X X 103 x 80 new X X

Number of pixels: 40 x 32

Mupix 5 Mupix 6
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Sensor + Analog + Digita

Pixel MUPIX4 design Periphery g
Sensor CSA source ——
| M ‘ | fnllnwer[ :| }*
Bl \I/ "\ Readou
1 L L
: Comparator
e une
Injection s 4{ [ ‘
threshold
= |
ampi}fication AC ccT}UpIing digital c:utput
| ] via CR filter , {ToT)
integrate | drive high C
charge / of signal line y
set individual
threshold
e Dirk Wiedner PSI 2/15 09.02.2015 36
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ToT of Fed5 Peak with Mupix4

Single stage amplifyer (in-pixel & periphery)
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ToT of Fe55 Peak with Mupix6/7

Double stage amplifyer (in-pixel & periphery) + different comparator circuitry

18000
Entries 781137
16000 Fe55 %2 / ndf 1201 / 37
Prob 0
1400q— A 1.343e+04 + 2.896e+01
oo e m 4135+ 0.2
:_ G 62.3+0.2
1000 :—J
BOOT —
600q H
400
2000
| | | | 1 | |

| 1 | 1
OD 200 400 600 800 1000
ToT [ns]

oscillations around threshold
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Mupix Beam Telescope

4 layers of Mupix prototype chips
» state machine outside MAPS

e synchronous readout at ~1 MHz
achieved

MAMI (Mainz)
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Timewalk

« Latency

measurement at PSI

Latency vs ToT

o Difference of rising edge:
Tile detector pulse - ;&

Time over Threshold i
: —
 vsTime over threshold &

signal =

|III||IIF||1IIII

time resolution: sigma <10 ns

® Dirk Wiedner PSI 2/15
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Latency [2.5ns]

09.02.2015 @4l
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First Test Beam Result of Mupix4

DESY testbeam:
E =3 GeV

MuPix4 Prototype

- 32 Columns /2944 mm

40 Rows / 3.2 mm

e § e § 8 3 8 8 8 3 E N N it

André Schoning, Heidelberg-PI

Efficiency

Row Number
M
L)

1.00
0.99
0.98

L
o

MJ
wn

[
un

I I I

’HHHHqIﬂHH|I1HWHH t

]

L

10 15 20 25
Column Number

30

0° incidence angle
70V high voltage

823 mV threshold
— 1.0
i —— 0.9
_—
—— [
— 10.7
S ey >
[ — 0.6 ©
e 3
{055
—— |P=
L S —r— 0.4“”]
— 410.3
L —_—
— 0.2
—_—
[ ——= | EH01
[ -
——= 1 B0
0.98 1.00
Efficiency

sensor efficiency > 99.5%

28

2" ATLAS HVMAPS Workshop in Geneva July 2015



Threshold-DAQ Tuning Procedure

Accumulated HitMap with a Fe55 Source

Accumulated HitMap with a Fe55 Source
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Untuned sensor Tuned sensor
» all pixels working » pixel rated between 300-900 Hz

e single noise pixel with 7kHz
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Test-Beam Results Mupix7 chip
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Commissioning of Mupix7 Gigabit Link

Mupix7 serial RO

1.25 Gbit/s

SelSlow Readout

VP Vco Clk

| il C'w Timestamps
Divider l Dig.Part

VN modified

" Serializer | CIk/TS—>

clk Ref —= PLL

VN—xChargePump

Correction Signals

2.5 Gbit/s

André Schoning, Heidelberg-PI
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First Mupix7 Data over Serial Link

rﬁ Protocol Trigger and Decode = G Accumulated HitMap with a Laser Spot

File Source Trigger Display Help a5

[' ata Source Sync Pattemn 30

I S| | vidre N
Standard Enable Sync on Pattern

Ueer 1.25 Gbps

20

Row
Number of Hits

with Character 10

o_I_IIIIIIIHllI|I|I||I|I||I||HI|IHI|IHI

D121 [0x2c) N 0
D00 [0x0)
D292 (0s5d)

15
Column

D'|2'I [Ow2c) 3
o o o ) Laser Spot visible after
D127 [Dw2c]

D20 (04 e et 5 decoding hit addresses

D30.0 [0x1e)

10/8 bit encoded data — measurement of bit error rates
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Mupix7 over Flexprints Readout

self-made (lasered) flex-prints
qualifid up to ~2.5 Gbit/s

s
AEEECLLEELOL T ALLLLELELL

FPGA board

Stratix4

n—

1.25 Gbit/s
AR LT T _m:.\h'} s.?ﬁ"év‘“'?#"_.ﬁ' 5
— no transmission errors observed: BER< 104
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Mupix6 Test Boards Available

For those who want to test or irradiate Mupix6 chips:
~ 10 test boards and documentation available

— we are happy to help people to get acquainted with the test setup

@ . HU-MAPS - Mozilla Firefox v 8 X
Datei Bearbeiten Ansicht Chronik Lesezeichen Extras Hilfe
J@urz- Captive Portal Welcome - Rec. BH & Hv-Maps Workshop - Heidelbera-... € | {7} HvMaps Workshop - Heidelberg - QHATLAS HV-MAPS Warkshop (8 Jun. e" 1 Seiten-Ladsfehler (%) U &% ‘
< % v hy-maps-wiki physi.uni-heidelberg.defindex.php/Main_Page v @ B~ coogle o L G}
[§ SPIEGEL ONLINE- i Eibtunnsl Hamburg - ¥ Googls Kalsndsr 52 Paul Schermsr Institut §3 WISPy-Family-musx i Main Pags - WDRE0G ATLAS Upgrade We.. @ Mu3e Collaboration
J peUTIOyoW | "
'own logo! . B
image Main Page
Mak ik poge s ol [
Main page
Recent changes

Random page Getting Started
Help

MuPix6 Control Documentation - will be updated from
time to time

* Toaks

What links here
Related changes
Upload file
Special pages
Printable version
Permanent link
Page infarmation

Hardware (saig
» MuPix Test PCB

Software [esiy

« Bitbucket (external Link!) &

Additional Resources (eaiy
» Contact us
« The MuPix Chip
* MuPix Readout
# MuPix related documents

« MuPix Slow Control HSMC adapter card
« MuPix Readout HSMC adapter card
 MuPix LVDS transmitter & recsiver card
o Jumper-List

Consutt the User's Guide & for information on using the wiki software.

Getting started (eaiy

« Configuration seftings list 2

mailing list @

i for your language @
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Conclusions

» Fully functional Mupix7 prototype is working!

» All requirements fulfilled except power consumption which
IS probably to high

» Further improvements planned:
= higher resistive substrate — larger signal
-~ improvements on comparator

4

» Submission of large scale chip (2cm) in 2016
(new AMS H18 process).

THANKS to all contributing to this big success!
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Backup

André Schoning, Heidelberg-PI 36 2" ATLAS HVMAPS Workshop in Geneva July 2015



Backgrounds

Irreducible BG: radiative decay with internal conversion

‘ Branching Ratio as a function of cutonm -E,,
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Accidental Backgrounds ﬁ@/

» Overlays of two normal muon decays with a (fake) electron
» Electrons from: Bhabha scattering, photon conversion, mis-reconstruction

Need excellent:
= vertex resolution 0,,~200—300w m

= timing resolution o,.<0.1-1ns
- kinematic reconstruction o, <0.5MeV
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